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from excited Ca atoms at temperatures between 725 and 900 K,
where the N,O concentration entering their reactor was in excess
over the equilibrium Ca vapor pressure, suggests that most of the
N,O was removed in situ, possibly through a heterogeneous re-
action with hot solid Ca. At temperatures between 900 and 1100
K, the Ca vapor pressure would have been in excess over the N,O.
Thus, the time-resolved molecular emission which those workers?
observed from excited CaO was most likely the result of electronic
energy transfer from Ca(*P,,'D,) to CaO, and the measured rate
constants for the quenching of these excited atomic states are for
reaction with CaO rather than N,O.

CaO + O. Although there is some uncertainty regarding the
bond energy of Ca0,* assuming the recent value*? of Dy(Ca-0)
= 396.5 £ 6.8 kJ mol™! indicates that reaction 2 is exothermic
by about 101 kJ mol™!. Equation 9 implies that reaction 2 proceeds
at the collision number and hence possesses a negligible energy
barrier. The temperature dependence of reaction 2 may thus be
expressed as*

ky(T) = (4.0 £ 1.3) X 107197 /300)!/2 cm? molecule™! s
(13)

Although this reaction has not been studied previously, we have
observed a similar absence of an energy barrier for the analogous
reaction NaOQ + 0.4

Mesospheric Implications. We pointed out in the Introduction
the atmospheric significance of studying reaction 2, namely, to
understand the observed depletion of atomic Ca relative to atomic

(49) Plane, J. M. C.; Husain, D. J. Chem. Soc., Faraday Trans. 2 1986,
82, 2047,

Na, in the mesosphere at about 90 km. The present result (eq
13) indicates that the reduction of CaO to Ca by atomic O is too
rapid for CaO to be a significant reservoir for ablated Ca in the
mesosphere. We are therefore proceeding to examine the chem-
istry of calcium superoxide, CaQ,, as a possible explanation for
the low mesospheric abundance of atomic Ca.28
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Appendix

The reaction CaO + O was studied by photolyzing CaO/N,0O
under conditions of excess N,O, such that the loss of Ca by
reaction 1 was rapid and diffusional loss could be neglected. Thus

d[Ca]/dt = k,[CaO][O] - k,[Ca][N,0]  (Al)
d[0] /dt = ~k,[Ca0][0] (A2)

Since both CaO and N,O are in pseudo-first-order excess over
Ca and O

d[Ca) /dt = k,'[O] - k,[Ca] (A3)
d[O]/dt = —ky[O] (A4)

If [Ca]q and [O]g are the concentrations of these atoms formed
by the photolysis of CaO and N,0, and assuming effectively
instantaneous quenching of O(!D) formed from the photolysis of
N,O (see text), then the atomic Ca concentration at time ¢ is given
by
[Ca] = ([Calo + ky'/ (k) — k\)[O]o) exp(=k,'1) -

ky'/ (k) = ki")[Olo exp(=(ky" = 2k\")1) (AS)
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The kinetics of the reaction OH + NHj have been studied by means of the flash photolysis/laser-induced fluorescence technique.
The rate of this reaction was investigated in the range 273-433 K under more extensive conditions (68 < P/Torr < 504,
0.29 < [NH,;]/10'5 molecules cm™ < 36.1) than previously. The results from experiments with the Xe lamp and with the
KrF laser for photolysis agree well within the experimental uncertainties, indicating the absence of interference due to excess
NH, which was produced by photolysis with the Xe lamp. A fit of rate coefficients to the Arrhenius equation yields k =
(3.29 £ 1.02) X 10712 exp[—(922 = 100)/7] em? molecule™ s7!, with k = (1.47 £ 0.07) % 107! cm® molecule™! s~! at 297
K; the uncertainties represent one standard error. The rate constant of the interfering reaction, OH + NH, — products,
was also estimated to be less than 7 X 1072 cm?® molecule™ 57!,

Introduction

Although ammonia is a minor constituent of the terrestrial
atmosphere, it plays a significant role in both homogeneous and
heterogeneous atmospheric reactions.!? Being the dominant basic
gas in the atmosphere, ammonia partially neutralizes atmospheric
acids in precipitation. On the other hand, NH, may be oxidized
in the atmosphere to odd-nitrogen species which contribute to the
acidity of precipitation.

The rate-determining step in the oxidation of NH, is its reaction
with hydroxyl radical:

The ultimate fate of amidogen radical (NH,) formed in reaction
1 is not well understood. NH, could be a significant source of

* Also affiliated with the Institute of Atomic and Molecular Sciences,
Academia Sinica, R.0O.C.

atmospheric NO, by its reaction with O, or Os, otherwise a
significant sink via the reactions of NH, with NO or NO,. The
rates and mechanisms of these potentially important reactions of
NH, require further studies.>* Similarly, reaction 1 is also
important in the conversion of fuel nitrogen to NO,* and in the
removal6of NO, from fuel gases in combustion by the addition
of NH;.

(1) McConnell, J. C. J. Geophys. Res. 1973, 78, 7812.

(2) Wofsy, S. C.; McElroy, M. B. Can. J. Chem. 1974, 52, 1582.

(3) DeMore, W. B.; Golden, D. M.; Hampson, R. F.; Howard, C. J,;
Kurylo, M. J.; Molina, M. J.; Ravishankara, A. R.; Sander, S. P. JPL Publ.
1987, No. 87-41.

(4) Westley, F.; Herron, J. T.; Cvetanovic, R. J.; Hampson, R. F.; Mallard,
W. G. NIST Chemical Gas Kinetics Database, Ver. 1.1 (NIST Stand. Ref.
Database 1989, 17).

(5) Song, Y. H,; Blair, D. W.; Siminski, V. J.; Bartok, W. Symp. (Int.)
Combust., [Proc.], 18th 1981, 53.

0022-3654/90/2094-5261$02.50/0 © 1990 American Chemical Society



§262 The Journal of Physical Chemistry, Vol. 94, No. 13, 1990

There have been many kinetic studies of reaction 1 by various
techniques.””? The range of the reported rate constant at room
temperature is 0.41 < k/107}% cm® molecule™ 57! < 2.7, whereas
the range of the reported Arrhenius activation energy is 438 K
< E/R < 4539 K over the temperature range 225-2360 K.
Although a current review? recommends

ky = 3.6 X 10713 exp[~(930 £ 200) /7] cm? molecule™ 5!
(2)

based on the work of five groups with &, in the range (1.44-1.73)
X 10713 em?® molecule™ s7!, there are still some problems associated
with the kinetic studies of this reaction. First, previous studies
using the flash photolysis technique used a Xe lamp instead of
lasers; the lamp should generate more NH; than OH in the system
because of the relatively large photolysis cross section of NHj,
about 200 nm.26 The effect of excess NH, in the reaction cell
on the measurement of k; has not been thoroughly investigated.
The studies using the discharge flow technique also suffered from
the interfering reactions between NH, (product of reaction 1) and
NO, (reactant for OH production). Second, previous studies
except a few at high temperatures were performed at P < 35 Torr.
Although the title reaction is expected to be bimolecular and thus
to have no pressure dependence, it is still desirable to extend the
experimental conditions to investigate possible effects on the rate
coefficient due to unthermalized reactant or possible secondary
reactions.

We have constructed an experimental system which utilizes
either a flash lamp or an UV laser to generate radical reactants
and a tunable laser to probe the reactant by the laser-induced
fluorescence (LIF) technique in order to study the kinetics of
reaction 1. With the laser photolysis arrangement, the problems
associated with NH; photolysis have been eliminated. Accurate
values of the rate coefficient as well as its temperature dependence
have been obtained at pressures up to 504 Torr and 273 < 7/K
< 433

Experimental Section

The experiments were carried out with a typical flash photolysis
system which consists of a light source for the generation of OH
radicals, a thermostated reaction vessel, and a LIF detection system
to monitor the concentration of OH radicals.

When the xenon flash lamp (EG&G, FX-193U) was used, OH
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Figure 1. Pseudo-first-order decay of OH for various concentrations of
NH,. T = 433 K, P = 199 Torr, KrF laser photolysis. [NH;] in
molecules cm™: A, 0; B, 2.1 X 10%%, C, 3.3 x 10", D, 5.5 X 10'% E, 9.4
x 10%.

radicals were produced by photolysis of H,O at 0.03-0.15 Torr
in the reaction vessel:

H,0 + hv (A < 185 nm) - OH + H 3)

Flash energies of 84-635 mJ pulse™ were produced by charging
a 1.27-uF capacitor to 364-1000 V. When the excimer laser was
employed, OH radicals were generated by photolysis of
0.001-0.003 Torr of H,0, with the radiation from the KrF laser
(Lambda Physik, LPX120i):

H,0, + hv (A = 248 nm) — OH + OH (4)

Hydroxyl radicals were detected by the pulsed LIF technique.
The frequency-doubled output of a dye laser (Spectra Physics,
PDL-2), which was pumped by the second harmonic of a Nd:YAG
laser (Spectra Physics, DCR-2A), was directed into the reaction
cell perpendicular to the axis of photolysis. The Q,(1) line of the
A2Z*(v’=1) < X2II(v""=0) transition at 282.0 nm was chosen
for excitation. The A2Z(v"=0) — X2II(v""=0) fluorescence about
309.6 nm was collected in the direction perpendicular to the
excitation and photolysis axes through an interference filter (fwhm
12 nm, 43% transmission at 309.6 nm) and detected by a pho-
tomultiplier tube (Hamamatsu, R212 UH). The output of the
detector was amplified and averaged by a boxcar integrator
(Stanford Research, SR250).

The temporal profile of OH concentration was obtained by
varying the time delay between the photolysis pulse and the LIF
probe laser pulse. The repetition rates of both light pulses were
set at 10 Hz. Typically, 100 pulses of the signal were averaged
at each time delay. The triggers for the flash lamp, the lasers,
and the boxcar integrator were generated from a pulse generator
(Stanford Research, DG535) which was controlled by a micro-
computer. The communication among the microcomputer, the
pulse generator, and the boxcar integrator was achieved via the
IEEE-488 (GPIB) interface using the ASYST (McMillan Co.)
software.

The intensity of the OH LIF signal was determined by sub-
tracting the scattered light from the observed total emission. The
intensity of the scattered light was measured in each decay
measurement by determining the observed emission after the probe
laser pulse which was fired after a long delay (98 ms) from the
photolysis pulse.

A jacketed reaction cell with an internal volume about 150 cm?
was used in all experiments. It was maintained at a constant
temperature by circulation of ethanol, water, or silicon oil from
a thermostated bath (Neslab, RTE-210) through the outer jacket.
All experiments were carried out under “slow flow” conditions
to replenish reactants. The concentration of each component in
the reaction mixture was determined from measurements of the
mass flow rates and the total pressure (measured with an MKS
Baratron manometer).

Typical experimental conditions were as follows: total flow rate
Fr=2-20 STP cm? 57!, total pressure P = 68—504 Torr; reaction
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Figure 2. Plots of the pseudo-first-order decay rate k; against NH;
concentration for Xe flash lamp photolysis at various temperatures: A,
363 K (A: 315 Torr, 42 mJ); B, 338 K (O: 313 Torr, 42 mJ); C, 297
K (®: 311 Torr, 42 mJ; O: 486 Torr, 88 mJ; A: 486 Torr, 148 mJ; O:
320 Torr, 268 mJ; X: 417 Torr, 268 mJ; . 504 Torr, 268 mlJ); D, 273
K (®: 303 Torr, 42 mJ). The origins have been displaced vertically by
3000, 2000, and 1000 s~} for A, B, and C, respectively.

temperature T = 273-433 K; flow velocity v = 1-10 cm s7!; [H,0]
= (1-5) X 10" molecules em™ or [H,0,] =~ (3-10) X 103
molecules cm™; [NH;] = (2.9-361) X 10" molecules cm™; [OH]
=~ (1-6) X 10" molecules cm™; time interval between two light
sources ¢t = 0.002-40 ms.

The diluent gas He (99.9995%) was used without further pu-
rification. Distilled H,O was thoroughly degassed prior to use.
The flow rate of NH; (99.99%) was determined by measurement
of the rate of pressure change in a calibrated volume. In some
experiments a mixture of (11.9 £ 0.3)% NH, in He was prepared,
and a Tylan mass flowmeter was used to determine the flow rate.
The NH; concentration of the mixture was determined with a
FTIR spectrometer and a 10-cm gas cell. The integrated ab-
sorbance of NH; at 1538.01, 1567.99, 1667.35, 1701.40, 1731.69,
and 1804.40 cm™! from mixtures of known concentrations was used
for calibration.

Results and Discussion

The experiments were carried out under pseudo-first-order
conditions with [NH,]/[OH] > 10%. Thus, the LIF signal of OH
after correction for scattered light is expected to exhibit simple
exponential decay with respect to reaction time. Figure 1 shows
some typical decays of [OH] as a function of reaction time for
various concentrations of NH; at 433 K. In the absence of NH;
(trace A), the decay rate reflects the loss of OH due both to
diffusion from the viewing zone of the detector and to possible
reactions of OH; the most probable reaction of OH is that with
the parent molecules

OH + H202 - H02 + Hzo (5)

for which k5 = 1.7 X 1072 cm® molecule™ 5.3 Usually the decay
rate ranged 50-180 s7! as long as [H,0,] and [OH] were not in
excess. As NH; was added to the reaction cell, the [OH] decay
rate increased with [NH,] (traces B~E). The pseudo-first-order
rate constant k! was determined from the slope of the logarithmic
decay plot for each [NH,].

k' =d In [OH]/d¢ (6)

Variation of the gate width of the boxcar integrator from 0.48
to 1.2 us made no change in the value of k!, indicating that the
LIF signal of OH was not saturating the detector and that
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Figure 3. Plots of the pseudo-first-order decay rate k; against NH,
concentration for KrF laser photolysis at various temperatures: A, 433
K (@: 199 Torr, 9 mJ); B, 398 K (@: 263 Torr, 8 mJ); C, 317 K (a:
209 Torr, 7mJ); D, 298 K (®@: 111 Torr, 9 mJ; A: 68 Torr, 10 mJ; 03:
465 Torr, 9 mJ; ®: 465 Torr, 6 mJ; ©: 465 Torr, 2 mJ); E, 283 K (m:
386 Torr, 8 mJ; O: 116 Torr, 8 mJ). The origins have been displaced
vertically by 3000, 2000, 2000, and 1000 s™! for A, B, C, and D, re-
spectively.

TABLE [: Summary of Measurements of the Rate Constant of the
Reaction OH + NH;

kl’

T, P, [NH,], 10Y  no.of intercept, 1078 cm?
K Torr  molecules cm™  expts s7! molecule™ s7!
Photolysis by Means of Xe Flash Lamp
273 303 1.77-18.2 12 -23£39* 1.18 £0.03°
297 311-504 0.29-36.1 37 -5+75 1.44 £ 0.08
338 313 0.70-15.9 27 4£87 2.04£0.11
363 315 0.84~12.7 17 28 £ 128 243x0.12
Photolysis by Means of KrF Excimer Laser
283 116-386 1.48-23.7 15 98 £ 140 1.36 = 0.09
298 68465 1.97-28.5 29 132+89 1.50 £ 0.06
317 209 2.46-25.9 7 -32£227 171015
398 263 1.26-11.7 9 69 £ 169 3.44 £0.24
433 199 0.62-11.1 17 56 £ 127 412 £0.11

2The uncertainties represent one standard error.

probably no interfering emission was present. The excellent
linearity shown in Figure 1 also indicates that pseudo-first-order
decay was well represented; hence secondary reactions were likely
negligible.

In the experiments using the flash lamp as a photolysis source,
a small (~10%) but definite decrease of the rate constant was
observed as the pressure was increased from 25 to 300 Torr. The
rate coefficient was constant at pressures of 300-500 Torr. An
increase in the flash energy from 42 to 268 mJ also increased the
observed rate coefficient by about 11% at 90 Torr and less than
5% at 500 Torr. This result suggests that a small fraction of OH
produced from the photolysis at high energies and low pressures
might not be at thermal equilibrium. Presumably, OH in the
excited state reacts with NH; at a higher rate than those in the
ground state. Most experiments were therefore carried out at
smaller photolysis energies and greater pressures.

Figures 2 and 3 show plots of k! vs [NH;] at various tem-
peratures with flash lamp and laser as photolysis source, re-
spectively. The excellent linearity of these lines over a wide range
of [NH,] is clearly illustrated. For experiments with Xe lamp
photolysis, the rate coefficient was independent of lamp energy
(42-268 mJ) if the pressure of the cell was above 300 Torr, as
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TABLE II: Summary of Reported Values of the Rate Constants of the Reaction OH + NH; at Temperatures of <500 K*

k, at room temp, Arrhenius form A exp(-£/RT)

10713 cm? 57! A/10712 em? §7! [NH,],

molecule™ molecule™! E/R, K T.K P, Torr 104 molecules cm™ method? investigator
1.47 £ 0.07 3.29 £ 1.02 922 + 100 273-433 68-504 2.9-361 LP, FP/LIF this work

0.41 £ 0.06 ~25 10-80 FP/RF Kurylo’

1.5+ 0.4 ~20 2-15 FP/RF Stuhl®

1.57 2.3 805 228-472 8-30 160-750 FP/RA Smith and Zellner!?
1.64 £ 0.16 293 861 = 151 297-427 ~30 3-2§ FP/RF Perry et al.'4
2.42 53£038 920 298-669 1.25-2.2 0.3-25 DF/ESR Hack et al.!?
1.44 £ 0.29 5.41 £ 0.86 1067 + 72 294-1075 1.2-1.6 0.15-4.2 DF/RF Silver and Kolb'?
1.73 £ 0.11 455+ 1.1 973 £ 78 297-364 ~1 1.5-11 DF/RF Stephens?!
1.20£ 0.4 ~760 NA* FP/CL Cox et al.!!
2703 1.1 438 x40 298-365 ~1750 ~10° PR/RA Pagsberg et al.!’

@ High-temperature studies using the shock tube or the pyrolysis technique are not included. bLF, laser photolysis; FP, flash photolysis; DF,
discharge flow; PR, pulse radiolysis; LIF, laser-induced fluorescence; RF, resonance fluorescence; RA, resonance absorption; ESR, electron spin

resonance; CL, chemiluminescence. ¢Not available.

illustrated in trace C of Figure 2. For experiments with laser
photolysis, the rate coefficient was independent of laser energy
(2-10 mJ) and pressure (68-465 Torr), as shown in trace D of
Figure 3. The siopes of these lines yield the bimolecular rate
constants k, for reaction 1. Table I presents a summary of the
results fitted by least squares and the corresponding experimental
conditions at each temperature. At 297 K, k, was determined
to be 1.44 X 10713 cm? molecule™ s~! from experiments using the
Xe lamp for photolysis . At 298 K, k, was determined to be 1.50
X 10713 cm® molecule™ s7! from experiments using the laser
photolysis technique. The discrepancy (~4%) is well within the
experimental uncertainties, and there is no apparent reason to
explain the deviation.

H,0, in the reaction cell was maintained at small concentrations
so as to minimize both reaction 5 and the self-reaction of OH

OH + OH — products N

for which k; = 1.9 X 10712 cm® molecule™ s7'.> When excessive
OH was present (usually when [H,0,] was too great), reaction
7 was not negligible and the logarithmic decay plot showed
downward curvature due to the second-order reaction. Thus,
before each set of experiments, a blank decay (¢ up to 40 ms) was
determined in the absence of NH; to ensure that OH was not in
excess. The k! for the blank decay was usually in the range 50-180
57!, indicating a maximum of (3-10) X 10'* molecules cm™ for
[H,0,] if reaction 5 was assumed to be the major source for the
OH decay. Under such experimental conditions, [NH]/[OH]
> 10% therefore, the interference due to reaction 7 is less than
1% of the total reaction rate measured.

When the flash lamp was used as a photolytic source, the
photolysis of NHj also took place:

NH; + hv (A < 280 nm) — NH, + H (8)

In the region near 200 nm, the absorption cross section of NH;
has been determined to be (4-20) X 107'% cm? with a quantum
yield near unity for the production of the NH, in the ground
electronic state.?¢ Because as much as 0.2% of NH; was pho-
tolyzed in the flash lamp experiments, the reaction

OH + NH, — products 9)

could be important. The rate constant of reaction 9 has been
estimated to be kg = 5 X 107'! cm?® molecule™ s7'.2” However,
from our experimental results, the effect of excessive NH, on the
determination of the rate constant k; was negligible. A change
of flash energy by a factor of 6 at 300 Torr should have changed
[NH,] appreciably but had no effect on the k; measurement.
Further investigation of the effect of NH, was carried out by
replacing the flash lamp with a KrF excimer laser. The NH;
photolysis was practically absent at 248 nm. The observed rates
varied only within the experimental uncertainties of those de-
termined with the Xe flash lamp. This result is also consistent
with that reported by Smith and Zellner,'? who placed NH; at

(27) Cheskis, S. G.; Sarkisov, O. M. Chem. Phys. Letr. 1979, 62, 72.
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Figure 4. Arrhenius plot for the reaction OH + NHjy: A (--), Hack et
al; B (---), Silver and Kolb; C (), Smith and Zellner; D (---),

Pagsberg et al.; E (-—-), Stephens; F (—), Perry et al;; G (=), this work
(O: Xe flash lamp photolysis; O: KrF laser photolysis).

50-80 Torr before their flash lamp to reduce the NH, production
but observed no variation in k,. If one assumes a 10% upper limit
for the contribution to the rate constant k; by interfering reaction
9, it is likely that k, has been overestimated and kg should be less
than 7 X 107'2 cm® molecule™ s7.

The observed rate constants at each temperature are shown in
the Arrhenius plot, Figure 4. The results obtained from laser
photolysis agree well with those from Xe flash photolysis. A fit
to the Arrhenius equation by least squares yields

k, = (3.29 £ 1.02) X
10712 exp[—(922 % 100) /T

in which the uncertainties represent one standard error. This
equation reproduces our experimental data within 8%.

Table 11 is a summary of the pertinent rate coefficients; because
in this study we are concerned with the rate constants only at lower
temperatures, the results for 7> 500 K are omitted. The average
of the rate constants determined at room temperature with the
flash lamp and with the excimer laser, 1.47 X 10713 cm? molecule™
57!, is listed in Table II. This value is in excellent agreement with
those reported by Stuhl,? Smith and Zellner,'® Perry et al.,'* Silver
and Kolb,!” and Stephens,?’ using either the flash photolysis or
the discharge flow technique. The other reports are likely erro-
neous. As stated above, because in most previous flash photolysis
studies there was no attempt to avoid the photolysis of NH;, the
agreement between those results and ours also indicates that
unwanted photolysis did not interfere with measurements of the
rate constants. Qur experiments were carried out under more
extensive conditions (to greater [NH,] and greater total pressure),

cm? molecule™! s~ (10)
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as indicated in Table I1. The agreement in rate measurement also
suggests that no apparent secondary reactions interfered with the
measurements.

The reported Arrhenius equations are also illustrated in Figure
4 for comparison. The Arrhenius activation energy determined
in this work, E/R = 922 £ 100 K, is within the experimental
uncertainties of those determined by Smith and Zellner,'? Perry
et al.,'"* Hack et al.,'® and Stephens.?l However, the rate constants
reported by Hack et al.'® are about 60% greater than the other
four studies. The low E/R value, 438 £ 40 K, reported by
Pagsberg et al.'’ is probably in error.

Although within experimental uncertainties, our data are mostly
the smallest of the reported values. This may indicate that a small
contribution from secondary reactions to the rate measurements
was eliminated in our experiments. The rate constants actually
showed a small positive deviation from the Arrhenius equation
at higher temperatures, as illustrated in Figure 4. Jeffries and
Smith* have proposed a modified three-parameter Arrhenius
equation for reaction 1

ky =158 X 10°"T'® exp(-252/T) cm? molecule™ s7! (11)

which provides excellent fit to most data in the range 225 < T/K
< 2350. Our data are approximately 25% smaller than those
predicted according to eq 11 at T < 363 K and 14% smaller at
higher temperatures. This result suggests that the curvature of
the Arrhenius plot is likely greater than that described ineq 11,
However, because of the limited temperature range studied in this
work, no attempt was made to derive an accurate expression of
the modified Arrhenius equation from our data.

In conclusion, the rate of the reaction OH + NH; has been
studied under extensive experimental conditions. Our data agree
closely with those reported by Smith and Zellner.!* The use of
a KrF laser in photolysis eliminated the interference from excess
NH,. The agreement in the rate measurements by means of the
Xe flash photolysis and the laser photolysis techniques indicates
that the rate constant of the reaction OH + NH, is much smaller
than the previous estimate.
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Rate constants have been calculated for bimolecular and, where appropriate, termolecular reactions in the presence of helium,
neon, and argon bath gases, over the temperature range from 10 to 400 K. The contribution of the ion’s rotational energy
to the centrifugal barrier is included in all cases except the bimolecular reactions of CH;* with H,, D,, and O,. For the
reaction of CH;* with NO, the calculated capture rate is identical with the measured charge-transfer rate at 300 K. For
collisions of CH3R* complex ions with helium, inclusion of ion rotations causes the rate to be less than the Langevin rate
by up to a factor of 3 at room temperature. From comparisons of calculated collision rates with experimental rate constants
for association of CH,* with HCN in the presence of He, Ne, Ar, and HCN, the same value of the collision efficiency 8,
namely 0.27 relative to HCN, is found for all three rare gases. For the reaction of CH;* with NH,, bimolecular and termolecular
rate constants calculated with no adjustable parameters are in excellent accord with experimental data at 300 K.

Introduction

This paper gives the results of Langevin-type capture-rate
calculations for a number of gas-phase reactions of CH;* ions,
and is concerned especially with predicting the temperature de-
pendence of rate constants at the low-pressure limit. The present
study gives no information about the pressure dependence of the
rate constants, a topic which is being treated, for example, by
RRKM-master equation calculations here and elsewhere.! Ex-
perimental values of room-temperature rate constants are available
for all of the reactions considered, temperature dependences down
to about 80 K have been measured for several of them,2 and
measurements of ion—molecule reaction rates at temperatures down
to 10 K or less are in progress in at least two laboratories,*3 so

(1) Smith, S. C.; McEwan, M. J; Gilbert, R. G. J. Chem. Phys. 1989, 90,
1630, 4265.

(2) Anicich, V. G.; Huntress, Jr., W. T. Astrophys. J. Suppl. 1986, 62,
553

(3) lkazoe, Y.; Matsuoka, S.; Takebe, M.; Viggiano, A. Gas-Phase lon-
Molecule Reaction Rate Constants Through 1986; Maruzen: Tokyo, 1987.

(4) Rebrion, C.; Marquette, J. B.; Rowe, B.; Adams, N. G.; Smith, D.
Chem. Phys. Lett. 1987, 136, 495.

(5) Randeniya, L. K; Zeng, X. K.; Smith, R. S;; Smith, M. A. J. Phys.
Chem. 1989, 93, 8031.

that quite detailed comparisons between theory and experiment
should soon be possible.

The calculations employ a recently developed computer program
which performs approximate classical trajectory calculations to
obtain rates of capture over the centrifugal barrier in a potential
that can incorporate contributions from dipole—dipole, dipole—
induced dipole, dipole-quadrupole, ion—dipole, ion-quadrupole,
ion-polarization anisotropy (e — e, ), ion—induced dipole, Morse,
and London interactions.® Angle-dependent potentials are treated
in a “frozen” approximation, which amounts to assuming that the
probability of a collision occurring with a particular value of the
angular factor in the potential does not vary during the progress
of the collision (although the actual value of the angular factor
may change as rotational motion of reactants is transformed into
vibration at short range). For ion—molecule reactions, all angular
factors are treated explicitly rather than by averaging cos? 8 terms
to 0.5. This is important for reactions of species with weak dipole
moments, such as NO and CO, where the dominant angle-de-
pendent interaction changes from ion—dipole at long range to
ion—quadrupole at intermediate to short range. The algorithm
normally conserves angular momentum by first forming a mean

(6) Phillips, L. F. J. Comput Chem. 1990, /1, 88.
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